Running head: Trans-Amazonian natal homing in giant catfish 41 the Madeira River, which block a major migration route and access to a substantial part of 67 their spawning grounds. Major impacts can be anticipated from the current and forthcoming 68 hydroelectric development in the Amazon basin, not only on the populations and fisheries of 69 this apex predator, but also on Amazonian food webs through trophic cascades. 70 71
Summary 42
1.
Knowledge of fish migration is a prerequisite to sustainable fisheries management and 43 preservation, especially in large international river basins. In particular, understanding 44 whether a migratory lifestyle is compulsory or facultative, and whether adults home to their 45 natal geographic area is paramount to fully appraise disruptions of longitudinal connectivity 46 resulting from damming. 47
2.
In the Amazon, the large migratory catfishes of the Brachyplatystoma genus are apex 48 predators of considerable interest for fisheries. They are believed to use the entire length of 49 the basin to perform their life cycle, with hypothesized homing behaviours. Here we tested 50 these hypotheses, using the emblematic B. rousseauxii as a model species. 51
3.
We sampled adults close to major breeding areas in the Amazon basin (upper Madeira 52 and upper Amazonas) and assessed their lifetime movements by measuring variations in 53 87 Sr/ 86 Sr along transverse sections of their otoliths (ear stones) using laser ablation 54 multicollector mass spectrometry (LA-MC-ICPMS). 55
4.
We demonstrate that larvae migrate downstream from the Andean piedmont to the 56 lower Amazon, where they grow over a protracted period before migrating upstream as 57 adults. Contrary to prevailing inferences, not all fish spend their nursery stages in the Amazon 58 estuary. By contrast, the passage in the lower or central Amazon seems an obligate part of the 59 life cycle. We further evidence that most adults home to their natal geographic area within the 60 Madeira sub-basin. Such long-distance natal homing is exceptional in purely freshwater 61 fishes. 62
5.
Synthesis and applications. By using otolith microchemistry, we were able to 63 natal homing behaviour. Natal homing, the return of migratory individuals to reproduce in the 110 geographic area where they originated is widespread among terrestrial and aquatic animals 111 (Papi 1992 Fig. 1 ). 123
The impacts of these and other forthcoming dams on B. rousseauxii largely depend on their 124 migration patterns: do these fish actually make basin-wide migrations? Do they make a single 125 or multiple runs? Do they exhibit homing behaviour? 126
Here, in order to address these questions, we sampled adults of B. rousseauxii close to 127 some of their main breeding areas in the Upper Amazonas and Upper Madeira (Fig. 1a) , 128 before the construction of the Madeira dams. We measured 87 Sr/ 86 Sr ratios in transects along 129 transverse sections of their otoliths and we compared these observed profiles with those 130 expected from different scenarios of space utilization and migration (Fig. 2) . In Amazonia, the term Amazon is generally restricted to the river stretch between the estuary 136 and the confluence with the Negro River, near Manaus ( Fig. 1 The implementation of these methods, however, is unrealistic for the study of growth marks) at a speed of 5 µm second -1 . The laser was operated at 500 Hz with a pulse 206 energy of 8 µJ to limit the in-depth ablation to no more than 30 µm while the scanner was 207 doing a permanent 200-µm wide back and forth movement at a speed of 1 mm second -1 . In 208 order to prevent blast effect on the nucleus, the ablation was started 200 µm before the core. 209
Twice a day, we analysed an in-laboratory 87 Sr/ 86 Sr-certified otolith powder pellet (NIES22, 210 certified Reference Material produced by the National Institute for Environmental Studies, 211 Japan) to check the reliability of 87 Sr/ 86 Sr measurements (Martin et al. 2013 ). In all cases fs-212 LA-MC-ICPMS 87 Sr/ 86 Sr values (mean ± 2 SD = 0.709289 ± 0.000379, n = 38) corresponded 213 well with the in-laboratory-certified values (mean ± 2 SD = 0.709240 ± 0.000021, n = 54). 214
Further details about analytical processes are given in Appendix S1. 215
ESTIMATION OF THE BODY LENGTH OF DOWNSTREAM AND UPSTREAM 217

MIGRANTS IN THE MADEIRA 218
On the basis of environmental signatures, the limit of 87 Sr/ 86 Sr between the Madeira and 219
Amazon waters was set at 0.715 ( Fig. 1 ). We considered that B. rousseauxii exited the 220 Madeira when their otolith Sr isotopic ratios were consistently lower than 0.715. Similarly, 221
we assumed that fish had left the Amazon and re-entered the Madeira when their otolith Sr 222 isotopic ratios became anew consistently higher than 0.715. For both events, the distances 223 from the otolith's core were noted (nearest 25 µm). In order to back-calculate the fish SL at 224 these moments, we used a relationship between the otolith dimension along the transverse 225 
Results
249
As for all migratory fishes, several scenarios can be hypothesized for B. rousseauxii, 250
including resident behaviour in the hatching tributary or sub-basin, long-range migration from 251 the hatching tributary to the Amazon mainstem followed by homing or straying, and multiple 252 runs between the Amazon mainstem and the same or different sub-basins. The corresponding 253 theoretical 87 Sr/ 86 Sr patterns in the otoliths of fish hatched in the Madeira and WAT are 254 distinct (Fig. 2) . Several patterns can be univocal, whereas others may refer to several 255 scenarios. In particular, on the sole basis of Sr isotopic signatures, it is uncertain whether fish 256 ascending the Madeira before their capture did so during their very first upstream run or if 257 they migrated to WAT in the meanwhile (Fig. 2b, 2e ). Likewise, it is almost impossible to 258 distinguish between fish spending all their life in WAT and those migrating once or several 259 times between these places and the middle or lower Amazon River (Fig. 2g, 2h, 2j ). It is also 260 difficult to discriminate between fish venturing in the Madeira sub-basin and those entering 261 GST, because of the overlap between the Sr isotopic signatures of these rivers (Fig. 1b ). This upstream run, the interpretation is straightforwardly deduced from the capture location. 267
INTERPRETATION OF MIGRATION PATTERNS 269
Twelve of the 18 fish sampled in the Madeira sub-basin could be ranked as natal 270 homers ( Fig. 3a, Fig. 2b ). Their core Sr isotopic signatures (0.716-0.722) were typical of 271 Madeira waters, they moved downstream into waters with Amazon and WAT signatures, 272 grew in these waters, then homed to the Madeira sub-basin, where they remained until their 273 capture. As explained above, it is uncertain whether these fish ventured into WAT before 274 returning to the Madeira (Fig. 2b, 2e ). By contrast, it is certain that they did not make any 275 intermediate run in the Madeira or in any GST, as these migratory patterns would have 276 involved a passage in the Amazon on the way back to the Madeira, which would have 277
produced Sr isotopic profiles close to those in Fig. 2d and 2f, respectively. Likewise, there is 278 no ambiguity for the final upstream run, as these fish were captured in the upper Madeira. 279
Based on the relationship between otolith radius and body length in B. rousseauxii (Fig. S1 ), 280 these fish would have exited the Madeira at 3.7 ± 1.6 cm SL (mean ± S.D.) and returned at 281 86.0 ± 5.7 cm SL, slightly above the mean size at first sexual maturity (73.3 ± 4.7 cm SL; Fig.  282   S2) . 283
Ten other fish, all collected in Iquitos, exhibited no single Sr isotopic signal > 0.713 in 284 their otoliths (Fig. 3b ). Therefore, it can be assumed that these fish never entered the Madeira 285 or GST, and they remained in the Amazon or WAT for their entire lives. By contrast, it is 286 uncertain whether these profiles correspond to resident or migratory behaviours, with one or 287 several runs between the Amazon and WAT (scenarios in Fig. 2g, 2h and 2j, respectively) . 288
Based on existing knowledge, however, it is likely that these fish hatched in WAT, travelled 289 down to the Amazon at a small body size and subsequently returned to WAT. In contrast to 290 the clear-cut situation for fish homing to the Madeira, no information can be obtained here 291 regarding the size of fish during their (presumed) downstream and upstream runs, except that 292 all these fish had passed the size at first sexual maturity when they were captured. 293
Five other fish also hatched in waters with WAT or Amazon signatures and collected 294 later as adults in Iquitos, showed slightly less typical patterns (Fig. 3c ). Four of them (Iq3, 295
Iq6, Iq8 and Iq11) repeatedly moved back and forth in waters with Sr isotopic ratios 296 intermediate between those of the Amazon and Madeira. The fifth fish (Iq12) showed a 297 signature profile matching the scenario of multiple runs in several Amazonian sub-basins 298 (Fig. 2l ). This fish, which hatched and lived in waters with WAT and Amazon signatures, 299 thereafter migrated in highly radiogenic waters ( 87 Sr/ 86 Sr > 0.730), which are found 300 exclusively in some GST (probably the Negro or Tapajos rivers, see Fig. 1 and Table S1 ). It 301 eventually migrated back to the WAT, where it was caught. 302
For the remaining 10 fish, the edge signatures departed from the core signatures ( The migratory patterns of most fish were relatively univocal and indicated long-range 310 migration and natal homing behaviour (Fig. 3a) . By contrast, the isotopic profiles of several 311 fish illustrated in Fig. 3c and 3d were less straightforward and require further discussion. Four 312 fish (Iq3, Iq6, Iq8 and Iq11) apparently moved back and forth in waters with Sr isotopic ratios 313 intermediate between those of the Amazon and Madeira (Fig. 3c ). These ratios could 314 correspond to sojourns in non-sampled tributaries or refer to fish movements in confluence 315 areas between waters with highly contrasting signatures (Bouchez et al. 2010), as occur in 316 several places in the Amazon River (e.g. confluences with more radiogenic tributaries, such as 317 the Negro, Madeira and Tapajos rivers; Fig. 1 ). White water tributaries with high sediment 318
loads have a much higher and lasting impact than clear or black water tributaries when mixing 319 with waters of contrasting signatures (Bouchez et al. 2010) . Hence, it is likely that most 320 profiles depicted in Fig. 3c and 3d pertaining to the depth of laser ablation for otolith screening, such faster movements would 334 inevitably lead to some degree of integration of the Amazon signature into the core 335 signatures, and thus to lower Sr isotopic ratios than expected for fish hatched in Madeira 336
waters. If this hypothesis were valid, then four of the eight fish illustrated in Fig. 3d and that 337 were caught in Iquitos (Iq1, Iq4, Iq7 and Iq19) would be strayers from the Madeira (as 338 illustrated in Fig. 2i ) and the remaining four fish caught in the Madeira (Ma7, Be1, Be2 and 339 Be5) would be natal homers. 340
Our results tend to indicate the absence of multiple upstream and downstream runs of 341 B. rousseauxii between the Madeira and the Amazon (Fig. 2d) , which had been formerly 342 hypothesized (Barthem & Goulding 1997). The species fine-scale movement patterns cannot 343
be detailed yet, given the limited variability of 87 Sr/ 86 Sr ratios along the Amazon and WAT 344 mainstems and it is uncertain whether fish hatched in the Madeira and WAT share the same 345
nurseries. 346
There is strong evidence, however, that not all B. rousseauxii migrate downstream to semi-buoyant eggs may suggest that salmon-like precision in homing is unlikely (Papi 1992; 376 Lucas & Baras 2001). Homing is seemingly the predominant behaviour, at least in the 377 Madeira River, but some fish do stray between sub-basins (Fig. 3d) 
Data accessibility 458
Source data of fish 87Sr/86Sr profiles are available in Supporting Information Table S3 . isotopic water signatures (± SD) along the Amazon basin following a west-to-east gradient 601 from the Andes to the Amazon mouth. Individual water data are provided in Table S1 . Western Andean tributaries, respectively (see Fig. 1 ). Rectangles on the horizontal axis of 607 each graph refer to the inferred downstream (closed symbols) and upstream movements 608 (hatched symbols), in the granitic shield tributaries (GST, purple), Madeira (red) or Western 609
Andean tributaries (WAT, blue). The bold black line is the corresponding Sr isotopic ratio in 610 the fish otolith. For the sake of simplicity, only situations for homers were illustrated for 611 scenarios involving multiple runs (d, e, f, j, k, l). Appendix S1 -Detailed methods. 626 627 Table S1 . Detailed water 87 Sr/ 86 Sr data. 628 629 Table S2 . Laser ablation and multicollector settings. The optical field covered by the laser beam is 25 mm 2 . Further details of a similar laser 48 ablation system (operating in the IR region) are described elsewhere (Claverie et al. 2009; 49 Tabouret et al. 2010 ). Here the laser was operated at 500 Hz with a pulse energy of 8 µJ to 50
